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Abstract The synthesis of carotenoids begins with the
formation of a phytoene from geranylgeranyl pyropho-
sphate, a well conserved step in all carotenogenic or-
ganisms and catalyzed by a phytoene synthase, an
enzyme encoded by the crtB (spy) genes. The next step is
the dehydrogenation of the phytoene, which is carried
out by phytoene dehydrogenase. In organisms with
oxygenic photosynthesis, this enzyme, which accom-
plishes two dehydrogenations, is encoded by the crtP
genes. In organisms that lack oxygenic photosynthesis,
dehydrogenation is carried out by an enzyme completely
unrelated to the former one, which carries out four de-
hydrogenations and is encoded by the crtI genes. In
organisms with oxygenic photosynthesis, dehydrogena-
tion of the phytoene is accomplished by a f-carotene
dehydrogenase encoded by the crtQ (zds) genes. In many
carotenogenic organisms, the process is completed with
the cyclization of lycopene. In organisms exhibiting
oxygenic photosynthesis, this step is performed by a
lycopene cyclase encoded by the crtL genes. In contrast,
anoxygenic photosynthetic and non-photosynthetic or-
ganisms use a diﬀerent lycopene cyclase, encoded by the
crtY (lyc) genes. A third and unrelated type of lycopene
b-cyclase has been described in certain bacteria and ar-
chaea. Fungi diﬀer from the rest of non-photosynthetic
organisms in that they have a bifunctional enzyme that
displays both phytoene synthase and lycopene cyclase
activity. Carotenoids can be modiﬁed by oxygen-con-
taining functional groups, thus originating xanthophylls.
Only two enzymes are necessary for the conversion of
b-carotene into astaxanthin, using several ketocar-
otenoids as intermediates, in both prokaryotes and eu-
karyotes. These enzymes are a b-carotene hydroxylase
(crtZ genes) and a b-carotene ketolase, encoded by the
crtW (bacteria) or bkt (algae) genes.
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Introduction
Carotenoids are natural pigments that are structurally
very diverse—yet similar in their general chemical
structure—and are widely distributed in nature, where
they fulﬁll essential biological functions. These pigments
act as protective agents against oxidative damage [5], are
responsible for the color of many plants and animals [7]
and are precursors of phytohormones [15]. Some related
compounds of b-carotene, such as vitamin A, retinal and
retinoic acid, have important roles in vision, nutrition
and cellular growth and development [7]. Carotenoids
are also important due to their potential antitumor
properties [27] and because they are used as colorants in
the food industry to pigment salmon, trout and poultry
ﬂesh, or to intensify the color of egg yolk [21]. Car-
otenoids typically consist of a C40 hydrocarbon back-
bone, in the case of carotenes, often modiﬁed by
diﬀerent oxygen-containing functional groups, to yield
cyclic or acyclic xanthophylls. The absorption properties
of each carotenoid depend on the degree of conjugation
and isomerization state of the backbone polyene chro-
mophore. Compounds with at least seven conjugated
double bonds can absorb visible light [7]. In the micro-
bial world, carotenoids are present in both anoxygenic
and oxygenic photosynthetic bacteria and algae and in
many fungi [2, 19, 26]. Carotenoids are essential for
organisms with oxygenic photosynthesis (plants, algae,
cyanobacteria) because of their protective role, which
consists of both depleting the energy from chlorophyll
and accepting it from other molecules, such as the re-
active forms of oxygen. These pigments are not essential
for other carotene-containing microorganisms, as is the
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case for fungi, but they are indeed very important due to
their ability to act as antioxidant agents [7, 14]. The most
important advances in research on carotenoid bio-
synthesis have been made in the past few years and are
summarized here.
Synthesis of phytoene
The synthesis of carotenoids derives from the biosynthetic
pathwayof isoprenoids [6, 31]. The formation of phytoene
is the ﬁrst speciﬁc and crucial step of the carotenoid
pathway (Fig. 1). The union of two molecules of ger-
anylgeranyl pyrophosphate (GGPP) produces phytoene,
a still colorless C40 carotenoid with only three conjugated
double bonds. Phytoene synthases—conserved among the
carotenoid-producing organisms, from bacteria to
plants—are the enzymes responsible for carrying out this
step. These enzymes are encoded by the crtB genes in
bacteria and by the psy genes in plants, algae and cyano-
bacteria. They are membrane-associated proteins, with a
molecular mass of 35–39kDa, monomeric, dependent on
divalent cations and have several conserved regions [8, 11,
29]. The phytoene synthases of plants and algae show
small diﬀerences in the amino-terminus region due to the
presence of a signal peptide responsible for the localiza-
tion of these enzymes in chloroplasts and chromoplasts
[9]. The known phytoene synthases have homology with
the diapophytoene synthases and the squalene synthases,
which condense twomolecules of farnesyl pyrophosphate
to form diapophytoene and squalene respectively, sharing
some of the consensus regions with them [2, 9].
Dehydrogenation of phytoene
The dehydrogenation of phytoene is the second step in
the biosynthetic pathway of carotenoids (Fig. 1). This
involves the introduction of a new double bond into the
molecule, using the enzyme phytoene dehydrogenase,
also associated with the membrane. Usually, the dehy-
drogenation process is repeated 2–4 times and at each
step the number of double bonds duplicates. Regarding
this second step, organisms that synthesize carotenoids
may be divided in two groups: those with oxygenic
photosynthesis (cyanobacteria, algae, plants) and those
lacking it (all other eubacteria, archaea, fungi). In or-
ganisms with oxygenic photosynthesis, the crtP or the
pds genes code for phytoene dehydrogenase. This en-
zyme only carries out two dehydrogenations and f-car-
otene is the ﬁnal product. In contrast, in the case of
organisms lacking this type of photosynthesis, the crtI
genes encode phytoene dehydrogenase. This enzyme is
able to carry out four consecutive dehydrogenations,
producing lycopene as a ﬁnal product. Rhodobacter
capsulatus and R. sphaeroides, where this enzyme only
carries out three dehydrogenations and generates neu-
rosporene as the main product [2], should be mentioned
as exceptions, together with Neurospora crassa, where
the enzyme carries out ﬁve dehydrogenations to generate
3,4-dihydrolycopene as an intermediate step in the for-
mation of torulene [16]. It is clear that the enzyme en-
coded by the crtI genes has less speciﬁcity for the
substrate than the enzyme codiﬁed by the crtP genes.
Phytoene dehydrogenases are enzymes with a molecular
mass of 53–69kDa. The larger ones correspond to fungi
(CrtI), with a size that varies over 62–69kDa. The two
types of enzyme (Crtp, CrtI) do not show any homology
[35, 36] and their diﬀerences are not restricted to the
number of dehydrogenations that each may undergo.
Also, they diﬀer in terms of their preference for cofac-
tors and in their sensitivity to inhibitors. Those of the
CrtP-type require NAD(P) and are inhibited by herbi-
cides, such as norﬂurazon, whilst those of type CrtI
normally use FAD and are sensitive to diphenylamine
[16]. They are enzymes with diﬀerent characteristics but
with the same function; and in this regard they can be
considered as a good example of convergent evolution
[33].
Fig. 1 Conversion of phytoene into b-carotene. crt genes required
for speciﬁc carotenoid biosynthetic reactions are shown either on the
left for non-photosynthetic and anoxygenic photosynthetic micro-
organisms or on the right for oxygenic photosynthetic microorgan-
isms. The corresponding enzymes are listed in Table 1. GGPP
Geranylgeranyl pyrophosphate
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As mentioned above, the product of the crtP gene has
higher speciﬁcity for the substrate and can only carry
out two dehydrogenations from phytoene. Therefore, in
the case of organisms with oxygenic photosynthesis, in
order to obtain lycopene additional enzymes must be
used. These are the f-carotene dehydrogenases encoded
by the crtQ or the zds genes. The f-carotene dehy-
drogenases have a very similar size to those of the de-
hydrogenases encoded by the crtP-type genes and are
phylogenetically related to them [9]. Only one exception
has been described: the f-carotene dehydrogenase of
Anabaena PCC7120, which is related to the dehy-
drogenases of the CrtI-type but not with those of the
CrtP-type [24].
The closest similarity between the two types of phy-
toene dehydrogenases described is found at the amino-
terminus, where a dinucleotide-binding sequence is
located [33]. Another sequence has also been found close
to the carboxy-terminus (PROSITE PS00982), which is
typical of the CrtI-type phytoene dehydrogenases. This
sequence is also found in other enzymes involved in
carotenogenesis, such as the methoxyneurosporene de-
hydrogenases (crtD gene). Besides the proteins encoded
by the crtD and zds genes of Anabaena, there is a third
type of protein, diﬀerent to the others in function, that is
related to the CrtI-type phytoene dehydrogenases. This
protein is the product of the crtO gene, a b-carotene
ketolase of Synechocystis PCC6803 [12]. Also, a group
of 22 amino acids of the CrtP-type enzymes has been
suggested as the carotenoid-binding region [33]. These
amino acids are located close to the area corresponding
to that occupied by the sequence mentioned for the CrtI
proteins.
Cyclization of lycopene
Although not universal, the cyclization of lycopene is a
common step in the synthesis of carotenoids (Fig. 1).
Following the dehydrogenation of phytoene from
f-carotene, neurosporene or lycopene, the biosynthesis
of carotenoids can take diﬀerent pathways, depending on
the organism involved. Neurosporene can be hydro-
xylated to produce spheroidene and spheroidenone in the
genus Rhodobacter (the conversion being carried out by
the crtC gene), whilst in the majority of organisms the
substrate for the next enzymatic step is lycopene. The
cyclization of lycopene consists of the introduction, in a
sequential manner, of a ring (b- or e-type) at both ends
of the molecule, thus varying the total number of double
bonds but not the number of conjugated double bonds.
The most common ring is the b-type since the e-type is
only found in plants and certain algae [9]. The enzymes
that carry out this reaction are called lycopene b-cyclases
and lycopene e-cyclases, respectively.
As with the dehydrogenation of phytoene, the cycli-
zation of lycopene is another case of convergent evolu-
tion. There are several types of lycopene b-cyclases that
are unrelated phylogenetically. In organisms with oxy-
genic photosynthesis, the lycopene b-cyclases are en-
coded by the crtL genes and, in organisms without
oxygenic photosynthesis, by the crtY or lyc genes. Both
types of enzyme sequentially introduce two rings for the
formation of b-carotene (through c-carotene) or one
ring if they use d-carotene as substrate. The CrtY-type
proteins have a size of around 43kDa, while those of the
CrtL-type are about 46–56 kDa. The largest ones are
those of plants, since they bear a signal peptide for
translocation into chloroplasts and chromoplasts.
Both CrtY-type and CrtL-type lycopene cyclases are
very diﬀerent in their primary structure. However, three
apparently conserved small sequences have been de-
tected: (1) the sequence for binding to cofactors (DX4
GXGXAX4A), (2) the consensus sequence I (FXYX4S-
X6EXT) and (3) the consensus sequence II (GX2AX3
HPX2GY); and there is also a particular hydropathic
proﬁle showing areas of probable transmembrane nature
[10, 17, 34]. These similarities are the result of a con-
vergent evolution of diﬀerent types of enzyme which
need certain domains to carry out essential functions.
The known crtY and crtL genes encode lycopene
cyclases in eubacteria, algae and plants, but none re-
sponsible for encoding a lycopene cyclase in fungi has
been described. In 1999, in the basidiomycete Xantho-
phyllomyces dendrorhous, Verdoes et al. [38] described a
new enzyme for the biosynthesis of carotenoids encoded
by the crtYB gene, which is a bifunctional protein with
phytoene synthase and lycopene cyclase activity. Sub-
sequently, this bifunctional protein was described in the
zygomycete Mucor circinelloides (encoded by the carRP
gene) [37], in the ascomycete Neurospora crassa (encoded
by the al-2 gene) [4] and in Phycomyces blakesleeanus
(encoded by the carRA gene) [3]. Since all fungi (basi-
diomycetes and ascomycetes included) evolved from
mucorales, the presence of this gene in M. circinelloides
is very interesting. The products of the crtYB, al-2,
carRP and carRA genes share two well deﬁned domains.
One is responsible for the phytoene synthase activity and
is located in the carboxy-terminus region; and the other
is responsible for lycopene cyclase activity and is located
in the amino-terminus region. Sequence comparison
suggests that the domain responsible for phytoene syn-
thase activity is similar to that of the phytoene and
squalene synthases of the other carotenogenic organ-
isms. In contrast, the domain responsible for the activity
of lycopene cyclase has no homology with the proteins
CrtY and CrtL but does have homology with the two
proteins responsible for this activity in Brevibacterium
linens. The activity of lycopene cyclase in this bacterium
is the result of the combined action of the crtYc and
crtYd gene products. These genes are contiguous, related
in their sequence and probably originated by gene du-
plication [23]. Furthermore, the domain responsible for
lycopene cyclase activity in fungi and the genes that
encode this activity in B. linens seem to be related both
to the ORF7 and the ORF8 of the carotenogenesis
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cluster ofMyxococcus xanthus and to the ﬁrst ORF that
appears after the crtB gene in Mycobacterium marinum
[37].
Very recently, Peck et al. [32] identiﬁed a gene (crtY)
that converts lycopene into b-carotene in the archaeal
Halobacterium salinarium. This gene encodes a mem-
brane protein similar to the lycopene cyclases of B. linens
and Mycobacterium aurum [23, 32, 37] and those of
fungi. This protein has two domains that are similar to
the proteins of B. linens involved in the cyclization of the
lycopene, linked by an additional transmembrane seg-
ment that allows the topology of each domain to be
maintained. All these data gradually led to the estab-
lishment of the possible evolutionary relationships be-
tween the lycopene cyclases of bacteria and fungi. In this
sense, the crtYc and crtYd genes of B. linens could have
appeared through the duplication of a gene that encodes
a homodimeric lycopene cyclase. As previously men-
tioned, the crtY gene of carotenogenic archaea could
have been formed from the genes crtYc and crtYd of
B. linens and encodes an enzyme with a bacterial/fungal
intermediate-type structural organization. Finally, the
crtYB gene of fungi could have originated from the fu-
sion of an archaeal-like gene for lycopene cyclase with a
crtB gene for phytoene synthase that would have origi-
nated from a common ancestor of all the phytoene and
squalene synthases [3, 32, 37, 38].
Synthesis of xanthophylls
In many organisms, the pathway of the carotenoid
biosynthesis ends with b-carotene. In other cases,
some carotenoids are modiﬁed with several functional
groups that contain oxygen, thus originating the xan-
thophylls (Fig. 2). With a few exceptions, as in the
case of species of the genus Rhodobacter, which syn-
thesize acyclic xanthophylls from neurosporene, most
organisms produce xanthophylls from b-carotene.
Species of the genus Rhodobacter essentially synthesize
spheroidene and spheroidenone from neurosporene
(Fig. 2A). These conversions are carried out by the
crtC, crtD, crtF and crtA genes [2]. The functions of
these genes are listed in Table 1. Among micro-
organisms, the main producers of cyclic xanthophylls
are species of the genus Erwinia [2], which basically
synthesize b-cryptoxanthin and zeaxanthin or their
glucosides (Fig. 2B), the marine bacteria Agrobacter-
ium aurantiacum and Alcaligenes sp. strain PC1 [2, 30],
which produce above all adonixanthin and astaxanthin
(Fig. 2B). Also within this group are the yeast X.
dendrorhous [1] and the alga Haematococcus pluvialis
[26], which speciﬁcally synthesize astaxanthin, or as-
taxanthin and cantaxanthin, respectively (Fig. 2B).
Despite the considerable advances made concerning
our knowledge of the biosynthetic pathway of car-
otenoids in recent years, there are few reports on the
genes or enzymes involved in the metabolism of the
xanthophylls. To date, only two genes (crtZ, crtW/bkt)
have been described and these appear to be suﬃcient for
the transformation of b-carotene into astaxanthin for
both prokaryotes and eukaryotes, using diﬀerent keto-
carotenoids as intermediates, depending on the micro-
organisms [18, 22, 25, 28, 30] (Fig. 2). The product of the
crtZ gene (b-carotene hydroxylase), which has been
isolated from species of Erwinia and marine bacteria,
carries out the hydroxylation of b-carotene at positions
3 and 3¢ of the b-ionone ring, producing zeaxanthin via
b-cryptoxanthin. Moreover, b-C-4-ketolase, encoded by
the crtW gene in marine bacteria and by the bkt gene of
H. pluvialis, carries out the direct conversion of methy-
lene into keto- groups at positions 4 and 4¢ of the
b-ionone ring, producing cantaxanthin via echinenone.
On the basis of studies carried out in marine bacteria
[30] and green algae [26] and also taking into account the
intermediates detected [20] and the accumulated car-
otenoids in several mutants or in the presence of car-
otenogenesis inhibitors [13], a biosynthetic pathway for
Fig. 2A, B Proposed biosynthesis pathways of xanthophylls. A
Acyclic xanthophylls synthesized by Rhodobacter species. B Cyclic
xanthophylls synthesized by Erwinia species (dot/dash lines),
Agrobacterium aurantiacum (solid lines), Haematococcus pluvialis
(dashed lines) and Xanthophyllomyces dendrorhous (dotted lines). crt
genes required for the carotenoid biosynthetic reaction are shown
and the corresponding enzymes are listed in Table 1
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xanthophylls has been proposed for X. dendrorhous (Fig.
2B). Comparison of the amino acid sequences for the
proteins encoded by the above-mentioned genes revealed
a 90% identity between the crtZ genes of A. aurantiacum
and Alcaligenes PC1. These enzymes also showed 54%
identity with those of the species of Erwinia. In contrast,
the CrtW proteins of marine bacteria share 75% identity
amongst themselves and 37% with the BKT protein of
H. pluvialis. Despite this and bearing in mind the large
number of ketocarotenoid intermediates between
b-carotene and astaxanthin synthesized by A. aur-
antiacum (Fig. 2B) in comparison with those synthesized
byH. pluvialis or X. dendrorhous, it appears that the crtZ
and crtW genes of A. aurantiacum have lower speciﬁcity
for the substrate than the enzymes encoded by the same
genes in H. pluvialis. Furthermore, it seems that the
enzymes involved in xanthophyll metabolism are well
conserved from bacteria up to higher eukaryotes, given
the homology found between the CrtW/BKT proteins of
bacteria and algae. The identiﬁcation and characteriza-
tion of the crtZ gene in green algae and of the crtZ and
crtW genes in X. dendrorhous and in plants would be
necessary in order to conﬁrm this hypothesis.
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